A possible theory of an open membrane is proposed. The space-time coordinates, swept out by the membrane, are denoted as X"(<1°, <1 1 , <1 2 ) where <1" are parameters. A simple Lagrangian which is invariant under there-parametrization 0" 0 -7<1°'(<1), <1 1 '=<1 1 and <1 2 '=<1 2 is set up and the equations of motion and the boundary conditions are derived.
§I. Introduction
The success of Dual Resonance Models has stimulated the search for the structure of hadrons. Nambu and Susskind 11 found that the spectrum of the Veneziano model is identical to that of the massless relativistic string. Subsequently, Nambu and Goto 21 formulated the variational principle of the massless relativistic string, starting with an action written in terms of the area of the world sheet swept out by the string.
Their Lagrangian is invariant under the general coordinate transformations of the variables r and (5 which characterize the world sheet. Also, Takabayasi 31 formulated the variational principle of the massive relativistic string, requiring only the invariance of the partial general coordinate transformation r---'>r' ( r, rJ), rJ ---'>rJ' = rJ .
(1·1)
From the point of view of the relativistically extended models, these examples are simple and primitive ones. Therefore it is interesting to study whether these ideas can be extended more complicated models, a membrane, a shell or a bubble* 1
In this paper, we formulate a possible theory of an open membrane. We represent the space-time coordinate x", swept out by the membrane, as with the aid of three independent parameters r, ( Physical meaning of this requirement is as follows:*) We may consider the membrane as the N---'>oo limit of the linear multi-local model which consists of N 2 space-time points, x"<a. fi) (a, fJ = 1, 2, · · · N). Then ua is the relabelling of (a, {3) and du 1 du 2 is the relative particle number contained in the area du 1 du 2 • In so far as keeping this physical meaning, the ua are essentially fixed and not allowed to make an arbitrary transformation on the ua. On the other hand, !" = U 0 is an arbitrary parameter to specify the proper time of the membrane.
In § 2, we choose a suitable Lagrangian which is invariant under the Poincare group and the coordinate transformation (1· 3) and derive the equations of motion and the boundary condition. Also we show that this system has freedom corresponding to the in variance under Eq. (1· 3). Then we fix the gauge by choosing !" such that it equals x 0 (!", ua) and derive the equations of motion in this gauge. In § 3, we find particular solutions corresponding to the rotation of the membrane about its centre and derive a mass-spin relation. In the final section, we make a comment on impossibility that the invariance under the general coordinate transformation can be imposed and discuss the results. § 2. Following the idea of the string model, we assume that the Lagrangian is a function of 9afi only. Then the Poincare invariance is obvious because the metric functions are scalars under the Poincare transformation.
Since the action of the membrane should be invariant under the transformation (1· 3), it is natural to assume that a Lagrangian should be a scalar density with degree -1. Among many possibilities, we choose for simplicity the following 1
where g00 <0 which is required by the causality. We divide an infinitesimal yector The action I is
J.-1 Js where the Lagrangian L is given by Eqs. (2 · 2) and XaJJ stands for 8xP ja(Ja.
We perform the following variation:
where
and ox/J on aS is arbitrary. The condition corresponds to the fact that the mem-
brane considered is open. Thus we obtain the Euler-Lagrange equation
and the boundary condition
where n"' is a vector normal to the boundary of the S and PJJ IS a canonical momentum conjugate to xJJ and is defined as (2 · 6a) and s/"'l IS defined as
where caP is the inverse matrix of the GaP· We define the energy-momentum vector PJJ and the angular-momentum tensor M/JV by 
Since the action I is invariant under the transformation (1· 3), the Lagrangian and {x'"(r, 15), xv(r, 15')} = {p'"(r, 15),Pv(r, 15')} =0 )
{x'" (r, 15), p' (r, 15')} = r;'"'o (15-15').
(2 ·10)
We can easily check that the primary constraint (2 · 9) belongs to the first class in the sense of Dirac, 5 ) i.e., we can show (2 ·11) where Ta stands for Pxa. *) Also Our system has one primary constraint due to the invariance under the partial general coordinate transformation (1· 3). Therefore we fix the gauge, choosing (2 ·14) In this gauge the matrix Gas reduces to GaP which is given as *) For the case of the massless membrane, i.e., a=O, the primary constraints are T,=px,=O, T 2= px2 =0 and H=p' + 7) 2 det gab. v,-e can also show that these constraints are the first class. 
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which fills the role of the Hamiltonian density and is identical to the one which are given by solving the primary constraint (2 · 9). Hence the constraint is completely eliminated.
We should note finally that the Hamiltonian density (2 ·17) is, in the nonrelativistic and small deformation limit, equal to the one of the vibration of the non-relativistic membrane. § 3. Solutions
In this section, we examine solutions of Eqs. (2 ·16) in the x 0 = 1] 0 gauge. Since the equations of motions are highly non-linear, we could not have found general solutions. Then, we give, in this section, some special solutions. Other solutions and further investigations will be postponed to a further study.
Before we investigate detailed structures of the solutions, we must pay some attentions to the !]-parametrization of the membrane. The theory does not have the re-parametrization invariance of rJ. Therefore, we must regard the membranes, even though those shapes in the Minkowski space are the same, as different, when they are parametrized in different ways. Here we give the solutions corresponding to the rotating disk about its centre in the Minkowski space. We take the domain S as the interior of the circle whose radius is R.
Follovving the remark of the above paragraph, we examine two solutions which are parametrized in I] as follows: i)
The case of the rectangular coordinate.
and
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The solutions*) are
ii) The case of the polar coordinate.
The solution 1s
and The domain S is parametrized as 1755 (3 ·1)
In the following, we separately examine the solutions, (3 ·1) and (3 · 3). First, we consider the case i).
The case i)
In this case, the equations of motion (2·16a) and the boundary conditions 
respectively.**) We could not have solved Eqs. (3 · 5) exactly.
Then we neglect lfl and lf'l compared io aj1j, but do not neglect v"=oJ'f 2 • This approximation is treated relati\"istically. In this approximation, Eq. (3 · 5a) becomes f"+__!:_f'-~f+h(r,f:oJ)iilf=O, 
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where (3· 7)
In the non-relativistic limit v 2 =u/[ 2~1 , h(r,f; w) becomes aj'lj. We can solve Eq. (3·6), in this limit, as f(r) =cJ, ((aj'lj) 112 wr) , where J,(z) is the Bessel function of order 1 and c is a constant. But in this approximation we cannot determine the constant c. Therefore the nonrelativistic limit is unsatisfactory. In order to take more account of the non-linearity of h(r,f; w) than the nonrelativistic limit, we replace h(r,f; w) by the value of h(r,f; w) at r=R,*> which is denoted as h (R). Then, Eq. (3 · 6) becomes From the causality, v 2 = w 2 _f2<1 and c 2 >0, we gain**> (3 ·12) Equation (3 ·11) indicates that the larger w becomes, the more the shape of the membrane shrinks, which agree with the case of the string. 3 > Next we calculate the mass m and the spin J by using the solution (3 · 9).
The mass m and the spin J are given as (3 ·13) and J=2Aw----
*> It is not essential that we approximate h (r, f; w) to the value at r= R. The following discussion holds without modification when we approximate it to the value at any r. **> From this inequality, a is constrainted to satisfy a<r;t;,'. We do not, however, take this constraint serious, since it may originate from the inappropriateness of the approximation used here. Bearing this remark in mind we obtain the mass and spin relation (3 ·15) 
The case ii)
In this case, the equation of motion (2 ·16a) and boundary condition (2 ·16b) become*)
where x=w 2 (a/rJ-l).
The solution of Eqs. (3·16) is given as
In order that the j(6') is real, the X must satisfy an inequality Also, the X must satisfy an inequality J= ~ a;'J1+~(~ -~~') (3. 20) respectively. The ground state corresponds to f = 0, I.e., X= n'/ 4R'. The mass of the ground state is, therefore, (a/vi~) 2nR. In the range (3 ·18), the m and J are monotone increasing function of X· Hence, we obtain the mass-spin relation such that J is a monotone increasing function of m. Since the X is limited in the range of Eq. (3 ·18), the m and the J do not go to infinity and a mass-spin relation such as infinitely increasing could not be obtained.
Concluding this section, we check that the solution (3 ·17) satisfies the M¢ller inequality 6 J which must be satisfied by every relativistically extended object. The area of the membrane S is grven as
Then the radius of the membrane is r=j~.c~~~~)- (3. 21) In this case, the M¢ller inequality is given as rm>J. (3. 22) This inequality holds for any X satisfying Eq. (3 ·18), which can be easily checked. § 4. Discussion
In this section we summarize the results obtained and make some comments.
Starting with the Lagrangian (2 · 2a) and fixing the gauge by choosing x 0 = r, we obtained the equations of motion (2·16a) and boundary conditions (2·16b). Unfortunately, these equations are highly non-linear and it make impossible to obtain general solutions. We could, however, solve them in the case where the membrane rotates about its centre. As the results, we obtained the mass and spin relation which are monotonically increasing but not infinitely, contrast to the case of the string. This fact originates from the causality that the velocity must be smaller than the light-velocity. In the case of the string, the causality makes no restriction on the mass-spin relation, since its ends move at the light-velocity (or constant velocity).
We have required the in variance under the partial general coordinate transformation (1· 3), but not the general coordinate transformation. We want to make some comments on this fact.
If \Ve impose a requirement that the theory must be invariant under the general coordinate transformation, the simple motion discussed in § 3 cannot be permitted. This will be shown as follows. (We consider the case (ii) for simplicity.) Substituting Eqs. 
